Phenylpropanoids are one of the metabolic products of phenylalanine and tyrosine. The antioxidant and photoantioxidant activities were studied kinetically and along the metabolic pathway, to investigate the possibility of application to petrochemical products. The metabolites showed only slight photo-antioxidant activities, compared with a commercial ultraviolet absorber (2-hydroxybenzophenone). In contrast, almost all metabolites showed higher or more excellent antioxidant activities than a typical commercial antioxidant, 3,5-di-t-butyl-4-hydroxytoluene (BHT). Ethyl caffeate can trap 2.7 mol/mol of peroxy radicals, and has 2.4 times higher antioxidant performance than BHT. Such a metabolite can be safely applied to petrochemical products as an excellent antioxidant for food preservation or food containers.
Introduction
Food safety is a continuing problem which requires the utmost care and attention. Many additives are currently used to improve the flavor and color of food as well as to extend the shelf-life of food. In particular, antioxidants are used to extend the preservation period of food, especially oil and fats, and inhibit the formation of harmful oxidized substances, such as hydroperoxides, so maintaining the safety of the food for a long time. Another important consideration is the safety of the container which comes in contact with the food, such as the plastic container, film, or bag, which may also contain antioxidant additives. Therefore, the safety of such additives is extremely important, because of the possibility of transfer to food during preservation. Synthetic antioxidants are generally used as such additives, preferably in the minimum amounts possible, but may not be harmless, so more efficient and safe antioxidants are desired.
Plants are exposed to the direct effects of light and heat, due to the immobility, so are endangered by oxygen in the form of excited or reduced species, including oxygen-centered radicals, such as peroxy (ROO•), alkoxy (RO•), and hydroxyl (HO•) radicals, and peroxides, such as hydroperoxide (ROOH) easily generated from such radicals. These active oxygen species can ＊ To whom correspondence should be addressed. ＊ E-mail: ohkatsu@s5.dion.ne.jp †1) (Present, home) 4-8-17-403, Toyosu, Koto-ku, Tokyo 135-0061, JAPAN damage organic substances and living tissues. Nevertheless, plants continue to grow without essential damage because of the special plant properties to render such active oxygen species harmless. Plants have evolved many defense mechanisms to combat the hazardous nature of oxygen: Many types of phenolic antioxidants are produced and stored in leaves, seeds, and other structures. Such phenolic antioxidants have many potential applications, but the mechanism of autoxidation prevention is very important to understand. Phenolic compounds contained in plants are generated within the metabolic system of phenylalanine and tyrosine as shown in Scheme 1 1) . Typical phenolic compounds are distributed in all higher plants in large quantities, and include lignin, flavonoids, and anthocyanines, including tyrosine itself. Simple phenols such as phenol and catechol are also produced as metabolites of phenylpropanoid, which is the general term for a compound with the C6-C3 structure. Phenylpropanoids are the precursors of the flavonoids contained in most plants and are generally present in the form of glycoside or ester, for example, with sugar and in comparatively high concentrations 2) . For example, p-coumaric acid, caffeic acid, and ferulic acid occur as 4-glycosides in the tomato plant. However, the antioxidant activities of the phenylpropanoids and related compounds have not been studied kinetically and systematically.
In this study, the antioxidant activities of metabolites in the so-called phenylpropanoid pathway were investigated in detail along the metabolic pathway of phenyla l a n i n e o r t y r o s i n e ( s e e , S c h e m e 1) . P h o t oantioxidant activities of such compounds were also (2.76 g, 0.060 mol) , and conc. H2SO4 (1 ml) were mixed and refluxed for 2 h, then cooled with ice water. The solution was extracted with ether, and the extract was washed with saturated NaHCO3 aq., distilled water, and saturated NaCl aq. After drying over anhydrous sodium sulfate, the solvent was distilled off in vacuo. The residue was separated and refined by silica gel column chromatography (eluent: chloroform), and finally recrystallized from carbon tetrachloride. White plate crystals were obtained. The identification was based on FT-IR (Fourier transform infrared spectroscopy) and 1 H-NMR (nuclear magnetic resonance).
Yield The method for preparing ethyl p-coumarate was followed but substituting dry methanol (2.5 ml) for ethanol. The crude product was purified by chromatography (column: silica gel, eluent: acetone/chloroform＝ 1/9), and recrystallization from chloroform. The product was pale yellow crystals. The procedure for preparing ethyl p-coumarate was followed, except for the use of ferulic acid (5.82 g,
0.03 mol), ethanol (5.52 g, 0.120 mol), and conc. H2SO4 (1 ml Methyl sinapate was prepared using sinapic acid (2.24 g, 0.01 mol), dry methanol (2 ml) and conc. H2SO4 (1 ml). The product was recrystallized from carbon tetrachloride, after pre-treatment through a silica gel column (eluent: acetone/chloroform＝1/10). The product was pale yellow crystals. Methyl p-coumarate (2.01 g, 0.01 mol) and LiAlH4 (1.64 g, 0.04 mol) were dissolved in THF separately, and mixed in an ice bath slowly and then stirred for 60 min at room temperature. Aqueous 15％ NaOH (50 ml) was added to this reaction mixture. Then distilled water was added and stirred for 20 min at room temperature. After filtration, the filtrate was acidified with ether and diluted hydrochloric acid. The ether layer was washed with aqueous sodium carbonate, distilled water, and saturated saline until neutral, then dried over anhydrous sodium sulfate, and the filtrate 
1. 6. Other Phenylpropanoids and Related
Compounds Flavors and perfumes, such as anethole, eugenol, safrol, vanillin, and piperonal, were of commercial products after conventional purification.
Commercial p-coumaric acid derivatives used in this study were also purified by conventional methods. Their physical properties are shown in Table 1 .
1. 7. Other Materials
Azo-bis-isobutyronitrile (AIBN), 3,5-di-t-butyl-4-hydroxy-toluene (BHT), and 2-hydroxy-benzophenone (2-HBP) were used after conventional purifications. Styrene, chlorobenzene, and benzonitrile were purified by distillation just before use.
Measurement of Antioxidant Activity
Antioxidant (radical-trapping) activity was measured by monitoring the autoxidation of styrene under saturated oxygen and under diffused light in a water bath at 50℃. AIBN was used as initiator, and chlorobenzene or benzonitrile was used as solvent. BHT was a standard phenolic antioxidant. The antioxidant activity was evaluated using the peroxy radical-trapping number (n) and peroxy radical-trapping rate constant (kinh) of an antioxidant (phenol), as explained in 3. 1.
3. Measurement of Photo-antioxidant Activity
Photo-antioxidant activity was measured under the same conditions as mentioned in 2. 2., except for irradiating ultraviolet rays (UV) above 290 nm using a cut filter, in place of diffused light. The light source was a 500 W high pressure mercury lamp. The photoantioxidant activity was evaluated as the photoantioxidant ratio (％) representing the inhibited degree of autoxidation: 0％ means no inhibition, and 100％, complete inhibition.
Results and Discussion

1. Elementary Steps and Rate Equation of
Autoxidation in the Presence of Antioxidant Phenolic antioxidants are radical-trapping compounds which effectively scavenge oxygen-centered radicals, RO2 •and RO•, and are widely used to protect organic materials including living tissues, plastics, rubbers, paints, and food from the oxidation degradation. In general, autoxidation is recognized to proceed, in the presence of a phenolic antioxidant, according to the following elementary steps:
in which RH denotes the organic substrate to be oxidized, and AH is the phenolic antioxidant. The stationary state treatment of the steps gives the oxygenabsorbing rate equation:
where Ri represents the initiation rate, kp represents the rate constant of the corresponding elementary step, n is the number of peroxy radicals trapped by a mole of antioxidant, the phenolic moiety if the antioxidant has plural phenolic moieties, and kinh is the rate constant of the peroxy radical-trapping step. Therefore, a more desirable antioxidant should have higher values of n and/or kinh. However, the n value for general phenolic antioxidants is no more than two, as understood from the following scheme:
In this study, the n and kinh values are used to discuss the performance of various phenols in more detail. Table 2 shows the antioxidant activities of phenylpropanoids and related derivatives contained mainly in 351 essential oils. Eugenol and vanillin with a phenolic moiety have radical-trapping abilities. In particular, eugenol has activity comparable to BHT, but vanillin does not show any inhibited induction period. Therefore, the n and kinh values of vanillin cannot be calculated, but the oxygen-absorption rate was suppressed by about 22％, suggesting autoxidation inhibition. This result can be well explained by the generally accepted facts that o-methoxyphenol shows weaker antioxidant activity, due to the intramolecular hydrogen bond between OH and CH3O groups 4) , and that the electron-withdrawing nature of the p-substituent (for example, _ CHO) weakens phenolic activity strikingly 4) . Of course, phenylpropanoid derivatives with no phenolic hydroxyl group, such as anethole, safrol, and piperonal, have no radical-trapping activity at all. To sum up, almost all phenylpropanoids and derivatives have inferior antioxidant activities, compared with the precursor, tyrosine, and BHT. ), but slight activities were observed for a few compounds at a higher concentration (5× 10 -4 M). Generally, photo-antioxidant activity is expected to depend on the UV absorbing ability (ε). However, Table 2 does not support such a dependence. 2-Hydroxybenzophenone has a fundamental structure of widely used benzophenone-type UV absorbers and rather lower molecular absorptivity (ε), but shows 22％ inhibition of photo-oxidation at 10 -4 M. In addition, anethole with considerably higher ε does not exhibit any photo-antioxidant abilities, whereas eugenol can inhibit a photo-autoxidation in spite of very low ε. These facts suggest that the photo-antioxidant abilities are based on some function other than simple UV absorption 5) . F i g u re 1 s h o w s t h e a n t i o x i d a n t a n d p h o t oantioxidant activities along the metabolic pathway from tyrosine to eugenol. In this pathway, the radicaltrapping activity decreases gradually, whereas the low photo-antioxidant activity seems almost constant.
2. A n t i o x i d a n t A c t i v i t y o f O l e f i n -t y p e Phenylpropanoids and C6-C1 Derivatives
A n t i o x i d a n t A c t i v i t y o f A c i d -t y p e
Phenylpropanoids Acid-type metabolites shown in Scheme 2 exhibit antioxidant activities as shown in Table 3 , provided that the metabolites are used as esters to form a homogeneous reaction system. The acid-type phenylpropanoids show higher antioxidant activities than the typical commercial antioxidant BHT. As discussed in 3. 1., the n value of a phenolic antioxidant should be 2 at highest per phenolic moiety. Surprisingly, the n values of a few metabolites were over 2.0 (see , Table 3 ). This observation may be explained as follows: The antioxidant activity of a phenol is achieved by the abstraction of a hydroxylic hydrogen by peroxy radicals. The stability of the resulting phenoxy radical greatly con- 
-2 M in chlorobenzene at 50℃ under UV light (＞290 nm). c) Solv.: C 2 H 5 OH (10 -5 M). d) -: not measured. trols the easiness of such hydrogen abstraction, and will be higher if the phenoxy radical has more resonance stabilization associated with an extended conjugated system. We previously reported that the antioxidant ability of a phenolic antioxidant is dramatically increased by providing a phenol group at the o-or pposition, with a C=C group conjugating with the benzene ring 6),7) . Surprisingly, the extension of such a conjugated system can enhance not only the hydrogen abstraction by peroxy radicals (ROO•), as reflected in the increase in kinh, but also the n value. For example, methyl o-hydroxy cinnamate shows n＝5.2 and kinh＝ 11, and methyl 2-hydroxy-3-t-butyl cinnamate shows n＝ 4.4 and kinh＝12. The action mechanism of a phenol with extended conjugation is illustrated in Scheme 3 7),8) . This action mechanism must be applied to the results shown in Table 3 . The extension of the conjugated system is important for increasing the antioxidant activity of the phenol, and the value of n＞2 as obtained in this study may be explained by the trapping of peroxy radicals by the C=C double bond. Thus, caffeic acid is a remarkably excellent antioxidant, compared with BHT.
The n values of ferulic and sinapic acids are lower than those of p-coumaric and caffeic acids, possibly because of the deactivation of the phenol by the intrahydrogen bond as mentioned before. In the case of the o-hydroxy cinnamic acid derivatives, methyl 2-hydroxy-Scheme 2 Acid-type Metabolites of Tyrosine . Similar results have been observed for the antioxidant activities of metabolites, for example, in comparison of ethyl caffeate with ethyl ferulate, but even the less active ferulate has comprehensively higher activity than BHT.
Photo-antioxidant activities of acid-type phenylpropanoids are also shown in Table 3 . 2-Hydroxybenzophenone (2-HBP) inhibited photo-oxidation at a concentration of 1×10 -4 M, but the metabolites did not show any photo-antioxidant activities at 10 -4 M, and only slight activities at 5×10 -4 M. Therefore, the acidtype metabolites have only slight photo-antioxidant abilities.
4. Antioxidant Activity of Aldehyde-type and
Alcohol-type Phenylpropanoids p-Coumaric, ferulic, and sinapic acids are further metabolized through the corresponding aldehydes and alcohols to lignin (Scheme 4). Antioxidant and photoantioxidant activities of some of these metabolites were evaluated ( Table 4) . Comparison of the findings in Table 3 , referring to the metabolic pathway, showed that n values decreased with the progress of metabolism, but overall antioxidant abilities (nkinh) of the original acid-type metabolites were continued, and sinapinaldehyde had considerably higher activity than BHT. However, these metabolites showed only slight photoantioxidant activities, although the activities seemed to increase slightly with the progress of metabolism. 
Conclusion
P h e n y l p r o p a n o i d s h a v e o n l y s l i g h t p h o t oantioxidant activities, but have surprisingly high antioxidant activities. Ethyl coffeate and ethyl p-coumarate show strikingly high n values of 2.7 and 2.6, respectively, probably due to trapping the peroxy radicals on the unsaturated group, in addition to the phenolic moiety. This high n value is important for the prevention of slow oxidation rather than a high kinh value, because such a phenol can be used in lower amounts. Moreover, the overall evaluation (nkinh) of phenyl propanoid antioxidants has revealed that tyrosine, ethyl p-coumarate, ethyl coffeate, and ethyl sinapate, for example, are outstanding antioxidants compared with BHT. In particular, ethyl coffeate and ethyl sinapate had 2.4 and 2.0 times higher performance, respectively, than BHT. Many plants contain these acid-type phenyl propanoids in the glycoside or ester forms, which we often eat or can absorb safely. Therefore, such products can be safely applied to petrochemical products used for food preservation or food containers. 
